We have been studying a small group of follicle cells in the Drosophila ovary, the border cells, as a model system for a forward genetic approach to the study of cell motility (reviewed in Montell, 1999 of the second chromosome (2L) that cause border cell
A second protein that is known to be required for border cell migration is Drosophila E-cadherin. To determine and migrate during stage 9 in between the nurse cells ( Figure 1B ). Migration is complete by stage 10, at which whether the tai migration defect might be due to reduction in DE-cadherin expression, egg chambers conpoint the border cells are invariably found adjacent to the oocyte nucleus ( Figure 1C Figures 1E and 1F) . In some egg chambers and 2AЈ). However, once the border cells left the follicular epithelium and invaded the neighboring germline containing tai 61G1 clones, migration was completely inhibited, and border cells remained at the anterior tip of cell cluster, much less DE-cadherin staining was evident at the junctions between the nurse cells and border the egg chamber ( Figure 1E ). In other egg chambers, the border cells migrated partway ( Figure 1F Figures 3A-3D) .
To determine whether DFAK expression or localization was affected by mutations that disrupt border cell migration, we stained wild-type and slbo mutant egg chambers and compared the staining to that of egg chambers containing tai mosaic clones. DFAK expression was significantly reduced in slbo mutant border cells ( Figures 3E and 3F) . Furthermore, the level of reduction correlated with the degree of inhibition of migration. That is, in some slbo egg chambers, border cell migration fails completely and the cells remain at the anterior tip. In such egg chambers, DFAK expression was undetectable ( Figure 3E ). In a minority of slbo mutant chambers, the cells migrate a little. In these egg chambers, DFAK expression was reduced compared to wild type, but was detectable ( Figure 3F ). In tai mutant border cells, DFAK expression was present; however, its distribution was altered relative to wild type ( Figure  3G ). Rather than being evenly distributed throughout the cytoplasm, DFAK appeared to accumulate at the sive to hormone, we analyzed the effects of injecting SLBO protein. Greater than 50% of these egg chambers exhibited delayed border cell migration (not shown). hormone into female flies. We did not expect that increasing the hormone concentration alone would be Since the effects on border cell migration of increasing or decreasing ecdysone levels could have been indirect, sufficient to cause precocious border cell migration because expression of the slbo gene and its targets are we tested whether there was a cell autonomous requirement for the ecdysone receptor in border cells. The independently required for migration. Therefore, we first expressed slbo precociously using transgenic flies carEcR locus is proximal to available FRT insertion sites, preventing mosaic analysis. Therefore, we carried out rying a heat-inducible slbo transgene, followed by injection of hormone. Border cell migration was assayed in the analysis using mutations in usp. Border cells that were homozygous mutant for a null allele of usp exhibstage 8 egg chambers dissected from flies treated with heat shock and hormone, and compared to control flies ited inhibition of border cell migration, but no obvious defects in other follicle cells ( Figures 6D, 6DЈ , and 6D″). treated with heat shock and ethanol, or with hormone in the absence of heat shock (see Experimental ProceTo assess whether TAI and the ecdysone receptor were likely to associate in a complex in vivo, TAI expresdures for details). Precocious border cell migration was observed in 20% of egg chambers that were treated sion was examined in third instar larvae. Both antibodies against TAI reacted specifically with the salivary gland with both heat shock and hormone but not in controls (data not shown). The observed effects were consistent nuclei ( Figure 7A ), as well as other larval tissues (not shown). Polytene chromosome spreads were stained with a role for ecdysone in regulating the timing of border cell migration.
with antibodies against TAI and USP proteins in a double labeling experiment. As shown in Figure 7D , anti-TAI If the rising ecdysone level at stage 9 were required to stimulate border cell migration, then reducing the antibody labeled specific loci on the polytene chromosomes. Moreover, USP and TAI proteins colocalized preecdysone level should cause a delay in border cell migration. The ecdysoneless mutant ecd 1 is temperature cisely (Figure 7 ). Since previous experiments have shown that USP and EcR colocalize as a complex on sensitive for production of ecdysone. Females homozygous for ecd 1 are sterile when held at the nonpermissive polytene chromosomes (Yao et al., 1993), these results indicated that TAI colocalized with the functional ecdytemperature for 5 days, and egg chambers in these flies arrest development at stage 8 and subsequently sone receptor complex at specific target sites. We also determined whether expression of TAI could degenerate. We found that border cells failed to develop in these arrested egg chambers (not shown). However, enhance ecdysone receptor dependent transcriptional activation in EcR-293 mammalian cells (see Experimenwhen ecd 1 mutants were held at the nonpermissive temperature for 2 days, some stage 10 egg chambers develtal Procedures for details). These cells respond to hormone, either ecdysone or an analog known as ponasteroped, in which border cells differentiated and expressed 
one, with a substantial increase in transcriptional acti-(Freedman, 1999). TAI appears to be a coactivator of this class based not only on amino acid sequence simivation of genes placed under the control of a cis-acting sequence known as an E/GRE (see Experimental Procelarity and overall domain structure, but based also on its in vivo colocalization with EcR, its direct, liganddures for details). We compared transcriptional activation in cells expressing varying amounts of TAI in trandependent binding to EcR, and its ability to potentiate sient transfection assays. As shown in Figure 7G, TAI hormone-dependent transcription in cultured cells. expression increased transcriptional activation up to
The homology of TAI to SRC proteins suggested that 5-fold, in a dose-dependent manner, specifically in the TAI might interact with a steroid hormone receptor. Alpresence of hormone.
though there are more than 20 genes in Drosophila that Furthermore, a GST-fusion protein containing the recode for proteins related to nuclear hormone receptors, gion of TAI protein containing the LXXLL motifs preecdysone is the only known steroid hormone. Since SRC dicted to interact with EcR (residues 1028 to 1235 of proteins require the presence of a ligand in order to TAI) associated with in vitro translated EcR in a ligandinteract with receptors, the ecdysone receptor seemed dependent manner. The same fusion protein did not like the best candidate partner for TAI. The colocalizaassociate detectably with USP alone (Figure 7) . Howtion of TAI protein with the ecdysone receptor complex ever, in the presence of EcR and ligand, the TAI-GST at specific chromosomal loci in third instar larva, the fusion protein was able to coprecipitate USP (Figure 7) . direct and ligand-dependent binding of TAI to EcR in Taken together, these results suggest that TAI is a bona vitro, and the ability of TAI to potentiate the ecdysone fide ecdysone receptor coactivator. response in cell culture lend substantial support to this proposal.
Discussion
The ligand-dependent interaction of TAI with the ecdysone receptor suggests that ecdysone regulates border cell migration. The strongest evidence in support of The tai Gene Encodes a Drosophila Steroid Hormone Receptor Coactivator this is that border cells lacking USP were unable to migrate. Consistent with this observation, Oro et al. The p160 class of steroid hormone receptor coactivators has been thought to be missing from invertebrates (1992) reported that numerous unfertilized eggs were produced from females lacking usp function. Moreover known to promote progression of breast, ovarian, and prostate cancers, which includes acquisition of highly usp was required specifically in somatic cells for production of a fertilizable egg (Oro et al., 1992) . Although they invasive characteristics (Cuzick, 1996; Green and Furr, 1999). The prevailing view is that the hormones act to did not specifically examine border cell migration, defects in border cell migration are known to lead to the stimulate proliferation of the cancer cells, leading to an increased likelihood of mutation and appearance of an production of unfertilized eggs (Montell et al., 1992) . We have been unable to test whether EcR loss of function invasive phenotype. However, the data presented in this paper suggest that steroid hormones can also stimulate mutations affect border cell migration. This is because the EcR locus, at 42A, is proximal to available FRT inserinvasive behavior independently of any discernible effect on proliferation. Thus, steroid hormones, like many tions, making it impossible to make FLP-mediated mosaic clones. The frequency of X-ray induced mitotic peptide growth factors, may possess both mitogenic and motogenic properties. This notion is supported by clones is too low to be useful, and marking such clones is problematic. A temperature-sensitive allele of EcR studies that show effects of an anti-estrogen on metastasis of prostate cancer cells in the rat. Raloxifene, an exists and flies at the nonpermissive temperature exhibit a variety of defects in oogenesis, including arrest prior anti-estrogen, was found to inhibit metastasis of PAIII adenocarcinoma cells to the lymph nodes and lungs, in to border cell migration. Even though it was not possible to assess the effect of EcR mutations specifically in the vivo, without effects on growth of the primary tumor, or proliferation of the PAIII cells in vitro (Neubauer et al., border cells, the observations that hormone injections can lead to precocious border cell migration and that 1995). The treatment also extended the survival of the animals. reduced ecdysone levels can lead to delayed migration provide additional support for the hormonal control of migration.
The tai Gene and Its Interactions Define The rise in ecdysone after eclosion, specifically in a slbo-Independent Pathway Required females, occurs in response to adequate nutrition for Border Cell Migration (Schwartz et al., 1985) . In the absence of a rich diet, A number of genes that have been described, slbo, jing, yolk protein synthesis is inhibited and oogenesis does breathless, cadherin, and PZ6356 define a slbo-depennot progress. Yolk protein synthesis can be restored in dent pathway required for border cell migration (rethe absence of a rich diet by applying ecdysone or juveviewed in Montell, 1999) . Experiments reported here innile hormone (JH) to cultured ovaries. Recent studies dicate that expression of DFAK also depends upon the indicate that functional ecdysone receptors are required slbo pathway. In contrast, tai function appears to be in the germline for progression of oogenesis through independent of slbo, based on the lack of effect of slbo vitellogenesis, the stages during which yolk is taken up mutations on tai expression and the lack of effect of tai by the oocyte (Buszczak et al., 1999; Carney and Bender, mutations on slbo expression. In addition, overexpres-2000). In summary, then, adequate nutrition appears to sion of tai failed to rescue even mild slbo migration lead to elevated hormone levels, which in turn stimulate defects and overexpression of slbo failed to rescue tai yolk protein synthesis and uptake, and progression of migration defects (Bai and Montell, unpublished). Mutaoogenesis beyond stage 8. Together with the results tions in either slbo or tai affect cadherin and DFAK. reported here, these findings suggest that a rising ecdyWhereas slbo function is required for expression of sone titer coordinates a variety of events that occur in these two proteins, tai function is required for proper early vitellogenic egg chambers, including border cell subcellular localization of both proteins. migration.
Turnover of Adhesion Complexes in Cell Migration
The finding that DE-cadherin is required both in the Steroid Hormones in Cell Motility and Cancer Our studies suggest a role for steroid hormones in cell border cells and in the nurse cells for normal border cell migration was surprising since the prevailing view has motility that is independent of any role in cell proliferation or cell fate determination. If tai function were rebeen that E-cadherin promotes formation of stable cellcell adhesion belts and inhibits motility (see for example, quired for follicle cell proliferation, it would not be possible to generate homozygous mutant clones since the Takeichi, 1993). However, there are numerous exceptions to the general correlation of decreased E-cadherin homozygous mutant cells would fail to proliferate. We found many homozygous mutant tai clones in the follicuexpression with increasing motility. One particularly interesting exception is the human ovarian epithelium lar epithelium, some of which were quite large; therefore, there did not appear to be a requirement for tai function (Ong et al., 2000) . Normal cells within the human ovarian surface epithelium express relatively low levels of in follicle cell proliferation. In addition, tai mutant border cells clearly differentiated from the neighboring follicle E-cadherin. However, carcinomas derived from this epithelium express high levels of E-cadherin, and overexcells, based on their morphology, and they continued to express all of the border cell markers we tested.
pression of E-cadherin in T antigen transformed ovarian surface epithelium cells causes them to become invaTherefore, there did not appear to be any detectable change of cell fate or differentiation state in these cells. sive and to form distant metastases in nude mice. Thus, in both human and Drosophila ovaries, E-cadherin Rather, they appear to have a relatively specific defect in their ability to migrate through the neighboring nurse seems to promote rather than inhibit motility. Why then do some cells respond to increased cadcell cluster.
These findings may have significance for steroid horherin expression by increasing invasiveness whereas other cells respond by decreasing invasiveness? We mone-dependent human cancers since hormones are contributes to the progression of breast and ovarian cancer.
Polyclonal Antibodies
Two fragments of the tai cDNA (amino acids 1028-1235 and 477-687) were cloned into pGEX-5X-3 (Pharmacia) and used to produce Experimental Procedures GST fusion proteins, which were used to immunize rabbits (antibody JBL). Sera were diluted 1:2000 to carry out tissue immunostaining.
Drosophila Genetics
No staining was observed in Df(2L)30A-C homozygous embryos. The mosaic screen for mutations that caused border cell migration Preimmune sera failed to stain embryos, egg chambers, or third defects was performed much as described for 2R (Liu and Montell, instar laval salivary glands. 1999) with the exception of the chromosomal location of FRT. One allele of tai, tai
61G1
, was recovered from a screen of 2885 mutant Immunohistochemistry and Immunofluorescence lines. To map the tai locus, the original tai 61G1 mutant was crossed Ovary dissections were performed in Grace's medium plus 10% calf to the deficiency kit for 2L (Bloomington Stock Center) and scored serum. For ␤-galactosidase staining, whole ovaries were fixed in for lethality. Meiotic recombination mapping was performed by PBS containing 0.1% glutaraldehyde for 5 min, rinsed, and stained crossing the original tai 61G1 line to FRT
40A
. About 150 recombinants as described (Montell, 1999) . Immunofluorescent localization of prowere scored for dp, PZ6356, and border cell migration defects in teins was carried out essentially as described. For double or triple mosaic clones. All recombinants with border cell migration defects labeling, stained egg chambers were incubated with rhodaminefailed to complement l(2)01351, a P element within Df(2L)30A-C. phalloidin (Molecular Probes) at 1:200 for 25 min followed by DAPI Precise excision of this P element can reverse the lethal phenotype at a final concentration of 0.5 g/ml and incubation for another 5 min. of the original l(2)01351 line. Other P element alleles of the tai locus After three washes, egg chambers were mounted in VECTASHIELD l(2)k15101, l(2)k00810, l(2)k00813, l(2)k13426, l(2)k08502 were ob-(Vector Laboratories). Salivary glands from third instar larvae were tained from Szeged while l(2)k05809, EP (2) 
